Abstract In this paper, to simulate the arc motion in an air circuit breaker (ACB), a threedimensional magneto-hydrodynamic (MHD) model is developed, considering the influence of thermal radiation, the change of physical parameters of arc plasma and the nonlinear characteristic of ferromagnetic material. The distributions of pressure, temperature, gas flow and current density of arc plasma in the arc region are calculated. The simulation results show some phenomena which discourage arc interruption, such as back commutation and arc burning at the back of the splitter plate. To verify the simulation model, the arc motion is studied experimentally. The influences of the material and position of the innermost barrier plate are analyzed mainly. It proved that the model developed in this paper can efficiently simulate the arc motion. The results indicate that the insulation barrier plate close to the top of the splitter plate is conducive to the arc splitting, which leads to the significant increase of the arc voltage, so it is better for arc interruption. The research can provide methods and references to the optimization of ACB design.
Introduction
The air circuit breaker (ACB) is a key electrical equipment in a low-voltage power distribution system. It is generally installed at the upstream position of the power distribution system. To a great extent, its performance affects the stability and safety of the system. With the increasing capacity and selectivity requirements of the power distribution system, improving the short circuit breaking capacity of the ACB becomes a demand. When a fault current occurs in the circuit, the contacts of the breaker are separated with an arc established between them. Then electromagnetic force and gas flow drive the arc into the splitter plate to be split, cooled and extinguished. It is obvious that arc extinguishing is crucial to the breaking capacity of the circuit breaker. Therefore, the research on arc motion is essential to improving the breaking performance of a circuit breaker.
Commonly, experiments are applied to analyze arc motion characteristics [1, 2] , which is expensive and time-consuming. Furthermore, only some macroscopic parameters can be obtained by experiments. Internal parameters of arc plasma, such as air velocity and current density are not revealed, which makes it difficult to investigate. With the development of computational fluid mechanics and arc modeling, simulation by numeric analysis has become an efficient method to analyze arc motion. C. Fievet combined experiment and 2D dynamic magneto-hydrodynamic (MHD) to study back commutation [3] . M. Lindmayer established a 3D MHD low-voltage arc model for the parallel electrode arc quenching chamber to get the change process of temperature and pressure [4] . The researchers in Xi'an Jiaotong University established a 3D Air-Arc model based on MHD, considering the process of contacts opening and splitter plate splitting [5−7] . Nowadays, numeric analysis on arc motion is a vital complement for experiments.
In this paper, a 3D MHD model is established to simulate the arc motion in one type of ACB. Then, the arc voltage and current during a single-frequency oscillator power circuit interruption experiment are measured to verify the simulation. This research can provide methods and references to the optimization of ACB design.
The structure of ACB is shown in Fig. 1 . The contacts, arc runners, splitter plate and vent have major influences on arc motion. In Fig. 1 , the movable contact is open and has no direct electrical connection with the right arc runner, while the fixed contact and the left arc runner are conducted. Arc runners offer an arc path during the arc motion. The arc commutation from contact to arc runner plays an important role in arc moving into the splitter plate. After the arc has moved into the splitter plate, it will be split into several short arcs, cooled, and quenched. Then the circuit is broken. The vent consists of three barrier plates with alternative vent holes, which form the airflow passage of the breaker. 
Assumptions
To reduce the complexity of the simulation, the following assumptions are adopted.
a. Arc plasma is in local thermodynamic equilibrium (LTE) state.
b. The calculation begins with a stationary temperature distribution between two contacts. Contacts opening and arc quenching are not included in this calculation.
c. Arc erosion on electrode, splitter plate and wall is not considered.
d. The eddy currents in the arc column are not considered.
e. Arc plasma is considered as a conducting flow. The physical parameters including density, electrical conductivity, thermal conductivity, specific heat capacity and viscosity are obtained from Ref. [8] .
Government equations
The numerical model is established based on the MHD theory, which has been proved to be effective on investigating the arc characteristics in circuit breakers [4−12] . The arc plasma behavior in the chamber is determined by coupled gas dynamic and electromagnetic interactions. The gas dynamics are described by the Navier-Stokes and energy conservation equations. The electromagnetic field is described by Maxwell equations. Basic equations of arc model include mass conservation equations, momentum conservation equations and energy conservation equations.
Mass conservation equations:
where ρ(kg·m −3 ) is fluid density, t(s) is time, and V (m·s −1 ) is fluid speed vector. Momentum conservation equations:
where v i (m·s −1 ) is the component of V in the x, y, z direction of a rectangular coordinate system, η (kg·(m·s) −1 ) is the viscosity coefficient, p(Pa) is the pressure on the micro fluid unit, x i is the x, y, z direction of a rectangular coordinate system, J(A·m −2 ) is the current density, and B(T) is the magnetic induction intensity.
Energy conservation equations:
where
is specific heat at constant pressure, S h is energy resource and
where S φ is fluid dissipation heat, σ(S·m −1 ) is the electrical conductivity of arc plasma, E(V·m −1 ) is the electric field intensity, and q rad is the radiation energy of arc plasma.
The electromagnetic field is described by the following Maxwell equations:
where φ(V) is the electric potential, and E(V·m −1 ) is the electric field intensity vector.
Considering the complexity of 3D magnetic field calculation and ferromagnetic components such as the splitter plate in circuit breakers, the magnetic vector potential method is adopted to calculate the field. It is shown in equation:
where A(Wb·m −1 ) is the magnetic vector potential and µ(H·m −1 ) is the magnetic permeability. Without consideration of a permanent magnet the nonlinear characteristic of ferromagnetic material in ACB is described by a nonlinear BH curve:
where H(A·m −1 ) is the magnetic intensity vector.
Boundary conditions
The boundary conditions are set according to the theories of hydrodynamics, electromagnetic field, and heat transfer. For the flow field, the no-slip boundary condition is imposed on the wall-arc interfaces. The temperature boundary condition is described by the heat flux associated with the conduction in the sidewalls and metal parts [7] . The vent is used to connect the inner air volume with the atmosphere out of the chamber, and the static gauge pressure is set to be zero. The Dirichlet condition of zero electric potential is imposed on the movable contact as the electric field boundary condition. During the simulation, a uniform current density distribution is fed into the plasma from the current inlet.
Simulation and analysis
The equations mentioned above are solved by the adapted commercial code FLUENT, which is based on the finite volume method. To simplify the analysis of arcing, a 1/2 symmetric model is adopted to calculate.
Arc motion
The temperature distribution sequences with time on the symmetry plane of the chamber are presented in Since the arc generated between contacts (t = 0 ms) till t=0.065 ms, the arc expanded and moved forward along the contact surfaces. The arc root approached the left arc runner, at t = 0.175 ms, and began to commutate to the left arc runner but the arc on the movable contact remained. Afterwards, air blast and magnetic force elongated the arc continuously. At t = 0.390 ms, the arc began to move to the right arc runner (the arc on the left has already moved into the splitter plate at that time). As shown in Fig. 2 , the gas near the arc runner had been continuously heated before arc commutation, the increased conductivity with temperature leaded to the arc commutation from movable contacts to the right arc runner. The arc root can easily transfer from a fixed contact to the left arc runner as they have the same potential. However, the arc commutation on the movable side is slow, for the movable contact and right arc runner do not have a direct electrical connection. The high temperature zone of the arc between the movable contact and the right arc runner had been compressed since t = 0.390 ms, and a tail-like arc appeared at t = 0.720 ms. When t = 0.795 ms, back commutation appeared between the movable contact and the left arc runner, and the arc in the splitter plate is replaced by the back arc gradually. Then at t = 0.815 ms, the arc began to move to the splitter plate again. This phenomena kept recurring, when t = 1.300 ms, another back commutation happened. With the increasing energy of the arc, the effects of the electromagnetic field and the gas flow field became stronger. As a result, the arc moved into the splitter plate and got to the vent. Then the arc burnt at the gap between the innermost barrier plate and the top of the splitter plate, where a current channel appeared. Only a small amount of arc left at the splitter plate at t = 1.700 ms.
Arc burning at the back of the splitter plate
The temperature and the corresponding current density distribution of the arc chamber at t = 1.700 ms are shown in Fig. 3(a) and (b), respectively. It can be seen from Fig. 3(a) that the arc kept burning at the back of the splitter plate, which weakened the role of the splitter plate. Fig. 3(b) shows that the current flowed through the gap between the innermost barrier plate and the top of the splitter plate. The simulation shows the arc would burn at the back gap of the splitter plate after blowing out through the splitter plate. It will no longer be split by the splitter plate, which made the arc voltage hard to increase and weakened the interruption.
Experiment and analysis
The simulation indicates that the position of the barrier plate has a great impact on arc motion. To verify the result, a single-frequency LC oscillator power circuit was adopted in the experiment. The arc voltage and arc current waveforms during the breaking process were measured. According to the measure results and the splitter plate erosion, the influence of the barrier plate material and position on the breaking capacity was analyzed.
The test circuit
A single-frequency LC oscillator power circuit was adopted for the experiment. Fig. 4 shows its working principle diagram. While charging, switch S1 is on and the main closing switch S2 is off. The capacitors are charged by voltagetransformed AC power supply through bridge rectifier B and current-limiting resistance R. In the breaking experiment, S1 is off and S2 is on. The capacitors are discharged in the circuit, which includes inductance L and specimen SP and generates a short circuit current. The arc voltage during arcing is measured by a high voltage probe Tektronix P6015, and the current is measured by a Rogowski coil. The waveforms are recorded by an oscilloscope Tektronix TDS460A.
Influence of barrier plate material and position on breaking capacity
Multilayer barrier plates are designed for vents in ACB. The holes in each plate are mutually staggered. The structure is used to filter and cool the arc plasma, and to reduce the burst of metal particles and gas. To analyze the influence of barrier plate material and position on arc motion, the arc voltage and current of condition A and condition B are measured and compared under an expected 10 kA short-circuit current peak value. For A, the innermost barrier plate is stainless steel, which has a 5 mm gap with the top of the iron splitter plate. For B, the innermost barrier plate is an insulating material and is close to the top of the splitter plate. Fig. 5 shows the arc voltage and current waveforms of A and B. The arc voltage peak at t = 0 is corresponding to the arc ignition. After a short stagnation, the arc was elongated and stretched towards the splitter plates under the effects of electromagnetic force and gas flow. This period corresponds to the arc voltage rise when t > 0. After the arc moves into the splitter plate, it will be cut into several short arcs. The arc voltage continues to rise due to polarity effects, so do the arc energy and temperature inside the arc chamber. After then, when the temperature reached a certain value, the electrical conductivity of air in the contact field was increased due to the ionization. As a consequence, the back commutation happened, which led to a fall of arc voltage. After the back commutation, a new arc would move to the splitter plate again under the effect of the electromagnetic force and gas flow, thus the arc voltage would rise again. It indicates that the ups and downs of the voltage waveform in Fig. 5(b) are caused by the back and forth of the arc. However, the voltage waveform in Fig. 5(a) is relatively flat, which indicates that the arc was relatively stable. According to the simulation results, it means the arc burnt at the back gap of the splitter plate, and the current channel through the gap replaced the current channel in the arc splitter plate. The arc was not cut by the splitter plates. The arc voltage is relatively low and steady. sulating material and is close to the top of the splitter plate, the arc can be easily cut by the splitter plate, which will cause a higher arc voltage. Moreover, the arc is extinguished in the splitter plate, and the plasma sheath can provide higher dielectric recovery intensity after zero crossing, which is beneficial for arc extinguishing. Fig. 6 shows the erosions of the vent in A and B. In A, the innermost barrier plate and the top of the splitter plate were eroded evidently, which indicates the arcing trace. There was no evident erosion in B, which indicates that the insulating innermost barrier plate and close position to the top of the splitter plate can effectively reduce arc burning at the back of the splitter plate. 
Conclusion
In this paper, simulation and experiment are used to analyze the arc motion in one type of ACB. The influence of the barrier plate material and position on arc motion is analyzed. The conclusion can be drawn as follows.
The arc motion of ACB is simulated by a 3D MHD arc model. The influence of thermal radiation, the physical parameter of arc plasma and nonlinear characteristic of ferromagnetic material are considered in the calculation. The simulation is verified by experiments. The proposed model can be used to simulate and visualize the transient process of arc.
The barrier plate material and position have a critical influence on the arc motion. The insulating innermost barrier plate close to the top of the splitter plate is better for arc voltage rise and current interruption.
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